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We present the effect of chirping a femtosecond laser pulse on the fragmentation of n-propyl benzene. An
enhancement of an order of magnitude for the relative yields of C3H
þ
3 and C5H
þ
5 in the case of negatively
chirped pulses and C6H
þ
5 in the case of positively chirped pulses with respect to the transform-limited
pulse indicates that in some fragmentation channel, coherence of the laser ﬁeld plays an important role.
For the relative yield of all other heavier fragment ions, resulting from the interaction of the intense laser
ﬁeld with the molecule, there is no such enhancement effect with the sign of chirp, within experimental
errors. The importance of the laser phase is further reinforced through a direct comparison of the frag-
mentation results with the second harmonic of the chirped laser pulse with identical bandwidth.
 2009 Elsevier B.V. Open access under CC BY license.1. Introduction
The control over the fragmentation and chemical reactions
using shaped ultrafast laser pulses was demonstrated by different
schemes of experiments by various groups of scientists [1–7]. All of
their experiments are based on the closed loop approach using
learning algorithms to control the laser ﬁeld with feedback from
the experimental signal. The resultant pulse shapes obtained by
an adaptive approach were not always found to be a globally opti-
mized solution [2,3,8,9]. Furthermore, the physical signiﬁcance of
such complex shaped pulses to the actual processes leading to
discrimination among the fragmentation channels and their mech-
anisms are often too difﬁcult to apprehend limiting the generaliza-
tion of such feedback schemes. A continued effort, therefore, exists
on the control of such fragmentation process from simpler pulse
modulation concepts.
One of the easiest pulse modulation schemes is frequency
chirping. Chirping essentially refers to the process of arranging
the frequency components in a laser pulse with certain phase
ordering. Linear ordering can be easily achieved by dispersing the
ultrafast pulses through a pair of gratings. This ordering of fre-
quency components results in the lengthening of an otherwise
bandwidth limited ultrafast laser pulse. For positively chirped
pulse leading edge of the pulse is red shifted and the trailing edge
is blue shifted with respect to the central frequency of the pulse.
Negative chirp corresponds to the opposite effect. The ﬁrst exper-hemistry, Indian Institute of
97187; fax: +91 5122597554.
).
Y license.imental demonstration of control using simple linear chirped laser
pulses was by Warren and co-workers in the early 1990s [10,11].
Subsequently, several experimental and theoretical developments
have made linear chirped pulse control a very attractive ﬁeld of re-
search [12–17]. Control of fragmentation with simple linear
chirped pulses as a control scheme has also become an active ﬁeld
of research in recent years [4,9,18–22].
It has been known [9,14,18,22] that the fragmentation pro-
cesses in polyatomic molecules induced by an intense ultrafast la-
ser ﬁeld can sometimes exhibit sensitive dependence on the
instantaneous phase characteristics of the laser ﬁeld. Depending
on the change in sign the chirped laser pulses, fragmentation
could be either enhanced or suppressed [14,18,22]. Controlling
the outcome of such laser induced molecular fragmentation with
chirped femtosecond laser pulses has brought forth a number of
experimental and theoretical effects in the recent years. However,
efforts are continuing for a speciﬁc fragment channel enhance-
ment, which is difﬁcult since it also is a function of the molecular
system under study [20,22–24]. Here we report the observation of
a coherently enhanced fragmentation pathway of n-propyl ben-
zene, which seems to have such speciﬁc fragmentation channel
available. We found that for n-propyl benzene, the relative yield
of C3H
þ
3 is extremely sensitive to the phase of the laser pulse as
compared to any of the other possible channels. In fact, there is
almost an order of magnitude enhancement in the yield of
C3H
þ
3 when negatively chirped pulses are used, while there is
no effect with the positive chirp. Moreover, the relative yield of
all the other heavier fragment ions resulting from interaction of
the strong ﬁeld with the molecule is not sensitive to the sign of
the chirp, within the noise level.
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The Laser system used in this experiment is a Ti:Sapphire mul-
tipass ampliﬁer (Odin, Quantronix Inc.), which operates at 800 nm
with 50 fs FWHM pulses at 1 kHz with energy of 1 mJ. It is seeded
with a homebuilt Ti:Sapphire Oscillator (starting point: K&M Labs
Inc. oscillator kit). The oscillator is pumped by a Nd:YVO4 (Verdi 5,
Coherent Inc.), resulting in femtosecond pulses with a centre wave-
length of 800 nm and a spectral bandwidth of 50 nm FWHM at
94 MHz repetition rate and an average power of 400 mW. The
oscillator output is stretched and then fed into the Ti:Sapphire
multipass ampliﬁer which is pumped by the second harmonic of
Nd:YAG laser operating at a repetition rate of 1 kHz (Corona,
Coherent Inc.). The production of chirped ultrafast laser pulses is
straightforward [18,25]: it is built-in our suitably modiﬁed com-
pressor for the ampliﬁed laser system. As we increase the spacing
between the compressor gratings relative to the optimum position
for minimum pulse duration of 50 fs, we generate a negatively
chirped pulse. Conversely, we obtain the positively chirped pulse
by decreasing the inter-grating distance. Pulse durations were
measured using a home-made intensity auto-correlation for the
transform-limited pulse, as well as for the various negatively
chirped and positively chirped pulses (Fig. 1, inset bottom right).
The pulses were further characterized by second harmonic fre-
quency resolved optical gating (SHG-FROG) technique. Fig. 1 (inset
bottom centre) shows a typical SHG-FROG trace of our near trans-
form-limited pulse that was collected using GRENOUILLE (Swamp
Optics Inc.). In Fig. 1 (inset bottom left), we show the SHG spec--600 -400 -200 0 200 400 600
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Fig. 1. Schematic experimental setup. Inset (bottom center) shows the SHG-FROG of our
corresponding spectral plot (bottom left). The various autocorrelation traces of the pulstrum of the of the transform-limited pulses after frequency dou-
bling with 50 lm type-1 BBO crystals as well as the spectrum of
the transform-limited pulse collected with a HR-2000 spectrome-
ter (Ocean Optics Inc.).
The laser pulses are then focused with a lens (focal
length = 50 cm) on a supersonically expanded molecular beam of
n-propyl benzene at the centre of a time of ﬂight chamber. The
polarization of the laser was horizontal as it enters the mass spec-
trometer and is perpendicular to ion collection optics. The design
of our molecular beam setup (Fig. 1) consists of three chambers
with differential pumping by turbo pumps. The three chambers
were designed with differential pumping to attain a supersonic
molecular beam region, a laser interaction region and a mass
detection region, respectively. The source chamber or the super-
sonic molecular beam region is pumped by 2000 ls1 turbo molec-
ular pump (Varian Turbo-V2K-G). The ionization chamber (or the
buffer chamber), where the laser interaction occurs, is pumped
by a 500 l s1 turbo pump (Varian Turbo-V551 Navigator). Finally,
the mass detection region is pumped by a 300 l s1 turbo pump
(Varian Turbo-V301 Navigator). An engineering drawing of the sys-
tem was prepared using AUTOCAD software. The vacuum cham-
bers were fabricated based on our design and requirements for a
complete oil-free system using SS-304 stainless steel and conﬂate
connections. The pressure in the ionization chamber during the
experiment was kept at 107 torr (base pressure of 5  109 torr).
A pulsed valve (Series 9, General Valve) of 0.5 mm diameter oper-
ating at 10 Hz repetition rate and a skimmer of 1 mm diameter
were used to introduce the supersonic molecular beam into the420 440
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typical near transform-limited ampliﬁed pulse collected using GRENOUILLE, and its
e for different chirps are shown in inset (bottom right).
T. Goswami et al. / Chemical Physics 360 (2009) 47–52 49laser interaction region, where it is exposed to the intense laser
ﬁeld (1 kHz ampliﬁed Ti:Sapphire laser pulses as detailed earlier).
The pulse duration of the molecular beam is kept at 100 ls. The
molecular beam and laser pulses are synchronized by a delay gen-
erator. The n-propyl benzene sample at room temperature was
used without further puriﬁcation (98%; Sigma–Aldrich) and was
seeded in Helium at 2 atm backing pressure. The mass spectra
were recorded with a Wiley-McLaren type linear time of ﬂight
mass spectrometer. The ions are detected using an 18 mm dual mi-
cro-channel plate (MCP) detector coupled to a 1 GHz digital oscil-
loscope (Lecroy 6100A). The mass resolution of n-propyl benzene
cation was calculated and was found to be t/2Dt  1100. Mass
spectra were typically averaged over 500 laser shots. The mass
spectra from our particular beam chamber constructed with dry-
scroll pumps and turbo-molecular pump as described above has
the advantage that it does not contain any extraneous water and
hydrocarbon peaks and thus has better sensitivity for organic sam-
ples as reported here.
3. Results and discussion
Study of aromatic hydrocarbons [26] has indicated different
fragmentation channels. A systematic study of aromatic com-
pounds with increasing chain-length of substituent alkyl groups
has indicated that the fragmentation process is enhanced as the
chain-length of the alkyl substituent on the benzene ring increases
[26]. We have chosen to apply chirped pulse fragmentation control
on certain members of these systematically studied aromatic com-
pounds. In general, as reported previously for benzene and toluene,
p-nitro toluene [22], we also ﬁnd that chirping favors the forma-
tion of smaller fragments as compared to the heavier ones. How-
ever, n-propyl benzene has the unique property of enhancing a
particular fragmentation channel under the effect of chirp.
The phase (u(x)) of the laser pulse which is centered at x0, can
be expanded around x0 to second order in x:
uðxÞ ’ uðx0Þ þ 11!
@u
@x

x¼x0
ðxx0Þ þ 12!
@2u
@x2

x¼x0
ðxx0Þ2:
ð1Þ
Here, the second order term is responsible for group velocity disper-
sion. In fact, b ¼ @2u
@x2

x¼x0
is linear chirp coefﬁcient (chirp parameter
in the frequency domain) introduced by the compressor and is de-
ﬁned as second derivative of the spectral phase at the center fre-
quency. The linear chirp coefﬁcient (b) can be calculated using the
equation [27–29]: s2 ¼ s20 þ 4b ln 2s0
h i2
, where s is the pulse duration
of the chirped laser pulse and s0 is the chirp-free pulse duration
of the transform-limited pulse in FWHM. The experimental error
in the chirp value calculated from the equation mentioned above
is about ±9%.
We record the TOF mass spectra (Fig. 2) of n-propyl benzene
using linearly chirped and unchirped ultrafast laser pulses with
constant average energy of 200 mW. Next, we compared the cor-
responding peaks in mass spectra by calculating their respective
integrals under the peaks and normalizing them with respect to
the molecular ion. These results also conform to the case when
we just compare the simple heights of the individual peaks. When
the linear chirp of the laser pulse is negative, the relative yields of
the smaller fragment ion, such as, C3H
þ
3 (mass to charge ratio, i.e.,
m/z = 39) is largely different from those obtained using transform-
limited pulses or from the positively chirped pulses, as reﬂected in
Fig. 3a. The relative yield of C3H
þ
3 reaches maximum when the lin-
ear chirp coefﬁcient (b, calculated by using the equation as men-
tion earlier) is 8064 fs2 and pulse duration is of 450 fs. We
would like to point out that the fragment ion C6H
þ
5 (m/z = 77) yieldis more when the chirp is positive (b = +6246 fs2), and this can be
attributed to a different fragmentation pathway [18] (Fig. 3b).
However, the observation of enhancement for only one chirp sign
implies that the observed enhancements are not due to the pulse
width effects, they rather depend on the magnitude and sign of
the chirp [2,4]. Hence coherence of the laser ﬁeld plays an impor-
tant role in this photofragmentaion process. It is also seen that rel-
ative yields of the heavier fragments like C7H
þ
7 (m/z = 91) is not
affected by the sign of the chirp. The relative yield of C7H
þ
7 de-
creased in both the directions of the chirp and is at its maximum
when the pulse is transform-limited (Fig. 3c), indicating that the
fragment yield only depends on the laser peak intensity as dictated
by its pulse width. We have also seen that the integrated SHG
intensity at different chirp is symmetrically decaying around
0 fs2 (Fig. 3d), which conﬁrms that there is nothing systematic in
the laser pulse causing the enhancements in the fragmentation
process.
Many experimental efforts have been made in recent years to
control the fragmentation using chirped laser pulses. A general
conclusion from several recent studies [9,14,18,22] is that the frag-
mentation process is preferred over the formation of molecular ion
as the magnitude of chirp is increased. Our results also obey the
same conclusion. Recently, Dantus and co-workers [22–24] also
found out that change in the fragmentation with chirped laser
pulses depends on the molecular structure. This is clearly evident
in our results. Dantus et al. have shown that fragmentation of p-ni-
tro toluene is enhanced when chirped laser pulses were used. The
enhancement of the fragment ions of p-nitro toluene, such as,
C3H
þ
3 , C5H
þ
5 was independent of the sign of the chirp but some
smaller fragment like NOþ2 does depend on the sign of the chirp
and it gets maximized when the chirp is negative.
As discussed by Lozovoy and Dantus [22], the mechanism of
fragmentation of p-nitro toluene follows these steps: ﬁrst, an ion-
ization of the parent molecule occurs; next is the isomerization of
p-nitro toluene ion, which is followed by the elimination of NOþ2
ion leading to C7H
þ
7 tropylium ion; and this ﬁnally dissociates to
form C3H
þ
3 ion. However, in case of n-propyl benzene, C3H
þ
3 ions
are generated from C7H
þ
7 ions that form from the ionization of
the parent molecule followed by the elimination of C2H
þ
5 ions.
There is a large energy barrier (9 eV) that needs to be sur-
mounted to achieve ionization of molecules like p-nitro toluene.
The laser intensity needed for ionization causes excitation in a
large number of intermediate rovibronic states some of which in-
clude dissociation continua. Therefore, the resulting coherent
superposition undergoes very fast delocalization. This was one of
the reasons why fragmentation does not depend on the parameter,
time delay between sub-pulses, in the case of p-nitro toluene. In
our case, for n-propyl benzene, the fragmentation mechanism
(Fig. 4) is almost same, but it does not have such energy barrier,
and also due to the longer alkyl chain-length, energy redistribution
is relatively faster than the other alkyl derivative of benzene. Thus,
fragmentation is more, which easily leads to dissociation into
C3H
þ
3 . We think this can be the reason why fragmentation pattern
of n-propyl benzene shows the dependence on the sign of the
chirp.
We should also consider the fact that the chirped pulse gives a
linear delay between high and low frequencies within the band-
width of the laser pulses. This temporal progression can be linked
to pump–dump processes [13,30]. Varying the time delay between
the high and low frequencies within the band width of the laser
pulses, may coherently drive the vibrations that could be impli-
cated in selective bond cleavage. Fragmentation pattern depend
upon the molecular potential energy surface in the optical ﬁeld
and also on the efﬁciency with which energy from the optical ﬁeld
is coupled into the molecule. A red-blue sequence of photon
interaction starts and ends at different points of PES than does a
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Fig. 2. Effect of chirping the pulse on mass spectra of n-propyl benzene. (a) Mass spectra of n-propyl benzene when the laser pulse is transform-limited (b = 0). (b) Mass
spectra of n-propyl benzene with negatively chirped pulse (b = 8064 fs2 and b = 9876 fs2). (c) Mass spectra of n-propyl benzene with positively chirped pulse (b = +6046 fs2
and b = +9876 fs2).
50 T. Goswami et al. / Chemical Physics 360 (2009) 47–52blue-red sequence, and thus there is ample reason to believe that
the negative chirp will enhance the process of fragmentation asit results in a better overlap between the pump and dump pulses
as compared to that of the transform-limited case.
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Fig. 3. Effect of chirping the pulse on relative yield of (a) C3H
þ
3 , (b) C6H
þ
5 and (c) C7H
þ
7 . (d) Effect of chirping the laser pulse on the relative yield of different fragment ions
shown in comparison to the integrated SHG intensity at the respective chirps.
Fig. 4. Fragmentation mechanism of n-propyl benzene.
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We have demonstrated that the phase characteristics of the
femtosecond laser pulse play a very important role in the laser in-
duced fragmentation of polyatomic molecules like n-propyl ben-
zene. The use of chirped pulse leads to sufﬁcient differences in
the fragmentation pattern of n-propyl benzene, so that it is possi-
ble to control a particular fragmentation channel with chirped
pulses. Overall, as compared to the transform-limited pulse, nega-
tively chirped pulses enhance the relative yield of C3H
þ
3 , C5H
þ
5 ,
while the relative yield of C6H
þ
5 increases in case of positively
chirped pulse. In fact, for the C3H
þ
3 fragment, the enhancement is
almost six times for the negatively chirped pulse (b = 8064 fs2)
as compared to that of the transform-limited pulse.Acknowledgements
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the online version, at doi:10.1016/j.chemphys.2009.04.009.
References
[1] D.J. Tannor, R. Kosloff, S.A. Rice, J. Chem. Phys. 85 (1986) 5805.
[2] A. Assion, T. Baumart, M. Bergt, T. Brixner, B. Kiefer, V. Sayfried, M. Strehle, G.
Gerber, Science 282 (1998) 919.
[3] R.J. Levis, G.M. Menkir, H. Rabitz, Science 292 (2001) 709.
[4] C. Daniel, J. Full, L. González, C. Kaposta, M. Krenz, C. Lupulescu, J. Manz, S.
Minemoto, M. Oppel, P.R. Francisco, S. Vajda, L. Wöste, Chem. Phys. 267 (2001)
247.
[5] R.J. Levis, H.A. Rabitz, J. Phys. Chem. A 106 (2002) 6427.
[6] T. Brixner, G. Gerber, Chem. Phys. Chem. 4 (2003) 418.
[7] C. Daniel, J. Full, L. González, C. Lupulescu, J. Manz, A. Merli, S. Vajda, L. Wöste,
Science 299 (2003) 536.
[8] T.C. Weinacht, J.L. White, P.H. Bucksbaum, J. Phys. Chem. A 103 (1999) 10166.
[9] R. Itakura, K. Yamanouchi, J. Chem. Phys. 119 (2003) 4179.
[10] J.S. Melinger, S.R. Gandhi, A. Hariharan, D. Goswami, W.S. Warren, J. Chem.
Phys. 101 (1994) 6439.[11] J.S. Melinger, S.R. Gandhi, A. Hariharan, J.X. Tull, W.S. Warren, Phys. Rev. Lett.
68 (1992) 2000.
[12] J.L. Krause, R.M. Whitnell, K.R. Wilson, Y. Yan, S. Mukamel, J. Chem. Phys. 99
(1993) 6562.
[13] G. Cerullo, C.J. Bardeen, Q. Wang, C.V. Shank, Chem. Phys. Lett. 262 (1996) 362.
[14] I. Pastirk, E.J. Brown, Q. Zhang, M. Dantus, J. Chem. Phys. 108 (1998) 4375.
[15] V.V. Yakovlev, C.J. Bardeen, J. Che, J. Cao, K.R. Wilson, J. Chem. Phys. 108 (1998)
2309.
[16] J. Cao, J. Che, K.R. Wilson, J. Phys. Chem. 102 (1998) 4284.
[17] D. Goswami, Phys. Rep. 374 (2003) 385.
[18] D. Mathur, F.A. Rajgara, J. Chem. Phys. 120 (2004) 5616.
[19] E. Wells, K.J. Betsch, C.W.S. Conover, M.J. DeWitt, D. Pinkham, R.R. Jones, Phys.
Rev. A 72 (2005) 063406.
[20] J.C. Shane, V.V. Lozovoy, M. Dantus, J. Phys. Chem. A: Lett. 110 (2006) 11388.
[21] H. Yazawa, T. Tanabe, T. Okamoto, M. Yamanaka, F. Kannari, R. Itakura, K.
Yamanouchi, J. Chem. Phys. 124 (2006) 204314.
[22] V.V. Lozovoy, M. Dantus, J. Phys. Chem. A 112 (2008) 3789.
[23] J.M. Dela Cruz, V.V. Lozovoy, M. Dantus, J. Mass Spectrom. 42 (2007) 178.
[24] M. Dantus, V.V. Lozovoy, X. Zhu, T. Gunaratne, Proc. SPIE 6954 (2008) 69540D.
[25] D. Strickalnd, G. Mourou, Opt. Commun. 56 (1985) 219.
[26] M.J. DeWitt, D.W. Peters, R.J. Levis, Chem. Phys. 218 (1997) 211.
[27] E.B. Treacy, IEEE J. Quant. Electron. 5 (1969) 454.
[28] K.-H. Hong, J.H. Sung, Y.S. Lee, C.H. Nam, Opt. Commun. 213 (2002) 193.
[29] A.E. Siegman, Lasers, University Science Books, Mill Valley, CA, 1986.
[30] S. Zhang, Z. Sun, X. Zhang, Yu Zu, Z. Zhang, Z. Xu, R. Li, Chem. Phys. Lett. 415
(2005) 346.
